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Neurogenesis in the adult central nervous system has now been found in a variety of species and brain nuclei (e.g., Altman, 1970; Kaplan and Hinds, 1977; Leonard et al., 1978; Kaplan, 1981; Bayer et al., 1982; Bayer, 1983; Easter, 1983; Kaplan and Bell, 1983, 1984) . The addition of new neurons adds an element of functional plasticity to the adult brain. The limits of this plasticity will presumably be set by the types of neurons that can be produced, which is the subject of this report.
A remarkable example of neurogenesis occurs in adult canaries of both sexes, where neurons are added to nucleus hyperstriatum ventralis, pars caudalis (HVc) at a rate of as much as 1.5% per day (Nottebohm and Goldman, 1982; Goldman and Nottebohm, 1983) .
This anatomically discrete, forebrain nucleus is an essential part of the motor pathway which controls the vocal organ in songbirds (Nottebohm et al., 1976) . New cells incorporated into HVc in adulthood have been identified as neurons by light and electron microscopy (Goldman and Nottebohm, 1983; Burd and Nottebohm, 1985) and by intracellular recording and injection of an anatomical label (Paton and Nottebohm, 1984) . In the latter study all of the new neurons had spiny dendrites and axonal processes that remained within HVc, and some were auditory; however, the sample was necessarily small. In this paper we report that few, if any, of the neurons shown to project outside HVc, i.e., projection neurons, are labeled by systemic injections of [3H]thymidine in adulthood. This leads us to conclude that the HVc neurons born in adulthood are predominantly, if not exclusively, local interneurons, that is, cells with axons confined to HVc. Preliminary work leading to the present study has been described in abstract form (Nottebohm and Goldman, 1982) .
Materials and Methods
We used seven male and seven female adult Wasserschlager canaries, Serinus canarius, ages 14 to 21 months, obtained from our breeding colony. Animals were kept on a seasonal day/night light cycle. Female canaries received implants of testosterone the day before thymedine treatment began. Silastlc tubing (Dow Corning; inner diameter, 0.030 inches, outer diameter, 0.065 inches) containing 5 mm of packed testosterone and sealed with Silastic adhesive was placed subcutaneously above the pectoral muscle. Such implants do not affect the proportIon of neurons labeled by [3H] thymidine (Goldman and Nottebohm, 1983) , but do induce male-like circulating levels of hormone (Luine et al., 1980) , the production of male-like song, and an increase in the size of vocal control nuclei including HVc and robustus archistriatalis (RA) (Nottebohm, 1980 in 50 ~1 of sterile water (-2.5 &i/gm) of body weight, specific activity of 6.7 Ci/mmol; New England Nuclear) every 12 hr for 14 days. This treatment labels the nuclei of cells undergoing DNA synthesis at the time of treatment and, thus, can be used as a marker of cellular replication (Sidman et al., 1959; Fujita, 1966; Sldman, 1970; Korr, 1980 (Nottebohm et al., 1976 (Nottebohm et al., , 1982 . Birds were anesthetized with Chloropent (Fort Dodge Laboratories) and held in a stereotaxic apparatus. The brain was exposed over the injection site. Area X was located strictly by stereotaxic coordinates (Stokes et al., 1974) , whereas, RA was located by microstimulating with an extracellular microelectrode while recording from the syringeal nerve (Paton and Manogue, 1982) . Micropipettes with a tip diameter of 20 to 30 pm were filled with an HRP solution (25% HRP, Sigma type VI, In 0.05 M Tris, pH 7.6) and advanced with a microdrive to the injection site. HRP was deposrted by passing 3 to 5 PA of current for 15 to 25 min. The electrode was then wlthdrawn, the wound was closed, and the animals were allowed to recover for 2 or 3 days.
To prepare brains for histology, bards were deeply anesthetized with an overdose of Chloropent and perfused with saline followed by fixative solution (1.25% glutaraldehyde, 1% paraformaldehyde in 0.1 M phosphate buffer, pH 7.4). The brain was removed from the skull, left in fixattve solution overnight at 4"C, and then cut into 100.brn transverse slices on a VIbratome. These slices were incubated with diaminobenzidine (DAB) and hydrogen peroxide to vrsualrze HRP-containing cells (Malmgren and Olsson, 1978) . Injection sites were located In slices counterstained with cresyl violet. The remaining slices were cleared in glycerine and examined under a microscope. Slices containing HRP-labeled cells within HVc were embedded in paraffin and cut into 6-Frn sections. The sections were mounted onto glass slides, coated with emulsion, processed for autoradiography to detect [3H]thymidine-labeled cells, and counterstained with cresyl violet (for details see Goldman and Nottebohm, 1983) . It should be noted that the DAB reaction product produces neither posltlve nor negative chemography (Trojanowski and Jacobson, 1975) et al., 1975; Shaw and Allen 1982; Weber et al., 1984) . Thus, these two anatomical methods are compatrble.
Neurons in HVc were counted under a microscope with a x63 oil objective. Neurons were Identified by their clear nucleus, which contains large basophilic nucleoli and which is large relative to the size of the perikaryon.
Only cells with a well defined nucleolus within the section were accepted. bie, 1946) and for the presence of multiple nucleoli.
Cell sizes were measured in two animals by tracing camera lucrda images of cell bodies on a computer-based planimeter.
The reproducibility of these area measurements was 5%. Soma diameters were calculated from measured areas by assuming idealized spherical somas. Samples of about 100 cells of each type were measured in tissue sections from each bird, and their medran diameters were compared using a Mann-Whitney U-test.
Results
We wanted to test a hypothesis of "maximum plasticity," namely, that neurons of all kinds are added to adult HVc in their typical proportions. This hypothesis predicts that if, for example, 5% of all neurons are labeled with [3H]thymidine, then 5% of each type of HVc neuron should also be labeled. In the present experiments two types of HVc cells, those with axons that innervate RA @A-projecting cells) and those with axons that innervate area X (X-projecting cells), were specifically tested for frequency of [3H]thymidine labeling.
The data used to test the hypothesis are shown in Table I . Numbers of cells labeled with HRP, thymidine, or both, and total neurons in sample sections were tallied for each of 10 injections in RA and 13 injections in area X. These numbers were obtained with a variety of injection sites within the target nuclei and sections from all positions within HVc. Material was taken from both males and females treated with [3H]thymidine during the months from June to February and sacrificed either 30 or 60 days after the last [3H] thymidine injection. The expected number of cells labeled with both HRP and [3H]thymidine was calculated by multiplying the number of HRP-labeled neurons by the percentage of all neurons labeled by [3H]thymidine. These expected numbers were summed over all of the RA injections, and then a separate total was obtained for the area X injections.
Clearly, our initial hypothesis can be rejected. For all RA injections, 692 double-labeled cells were expected and only 12 were seen, For all area X injections, 825 double-labeled cells were expected and only 4 were seen. Both of these differences are highly significant (p < 0.001) using a x2 test. Furthermore, the hypothesis can be rejected for each individual injection, over a wide range of experimental conditions such as sex, season, and time between thymidine treatment and HRP injection (see the last two columns in Table I ).
Methodological considerations suggest that even the few doublelabeled cells found may not all represent projection neurons born in adulthood. First, some of these cells may not have contained any tritium at all. The background level of grains in the autoradiographic emulsion was from 0.5 to 0.6 grains/cell. These grains are randomly distributed according to a Poisson distribution of which the statistics are well known (England and Rogers, 1970) . For example, with a background of 0.5 grains/cell, the probability of having five or more grains over any given cell is about 2 in 10,000. This is of the same order as the actual number of double-labeled cells found (4 in 10,461 for area X injections; 12 in 7,535 for RA injections).
A second possible problem is that some of the double-labeled cells may have been labeled by HRP which reached the somas directly, and not by retrograde transport from terminals. This is more likely for an injection of HRP into RA because the electrode track passes less than 1 mm posterior to HVc; in our experiments, the single injection with the most widespread distribution of HRP along the track resulted in 7 of the total of 12 double-labeled neurons found in all 10 RA injections (bird 42, left RA in Table I) .
A third possibility is that HRP-containing neurons may be closely opposed to thymidine-labeled glia, in such a way that the HRPcontaining neuron might be misinterpreted as a doubly labeled cell. This would only affect our tallies where a portion of a glial cell was centered over the nucleus of the HRP-positive neuron.
Despite these potential confounding influences, double-labeled cells with grain densities of many times threshold criteria over the nucleus and well defined DAB reaction product in the surrounding cytoplasm exist, even in animals with clean injections of HRP in area X (see Fig. Id) . Because of this, and in spite of the preceding caveats, we would like to leave open the possibility that some projection neurons are born in adulthood.
Soma sizes were measured to see whether cell size could be used to predict cell type and thereby identify the cell type of [3H] thymidine-labeled cells. Distributions of cell sizes for HRP-labeled and [3H]thymidine-labeled cells are shown in Figure 2 . Several observations can be made. First, the distributions of all three classes of HVc neurons (RA projecting, area X projecting, and new neurons) overlap so that identification of cell type by cell size alone is not possible. Second, the median size of [3H]thymidine-labeled cells is significantly greater than that of RA-projecting cells, and the median cell size of [3H]thymidine-labeled cells is significantly smaller than that of area X-projecting cells (using a Mann-Whitney U-test; see Table II ). Thus, although the size distributions overlap, they are not the same; in general, new cells are intermediate in size between the two classes of projecion neurons.
Discussion
The simplest interpretation of our results is that the new neurons incorporated into HVc are not projection neurons and, therefore, must be local interneurons. This is consistent with the results of previous intracellular experiments in which none of the sample of [3H]thymidine-labeled neurons recorded in HVc were projection neurons (Paton and Nottebohm, 1984) . However, several points should be noted.
First, how strong is the evidence that the only projections from HVc are to RA or area X? The original observations were based on silver staining of anterograde degeneration from HVc (Nottebohm et al., 1976) . These findings were later confirmed using anterograde transport of HRP from HVc (Nottebohm et al., 1982) . More recently, we have used minute injections of the lectin Phaseolus vulgaris agglutinin leucoagglutinin (PHAL; see Get-fen and Sawchenko, 1984) to trace the same projections from HVc. The effective site of PHAL uptake is smaller than that with HRP and, unlike the methods in the aforementioned studies, with immunocytochemistry (the biotin-avidin procedure for immunoperoxidase staining), axons containing PHAL area X and provide no evidence of other major projections. Second, it is possible that some neurons in HVc send axons to RA or area X but that these cells were not retrogradely filled. To avoid any bias in our sampling of cells or in our protocol for detecting HRP, we have varied a number of experimental parameters, e.g., injection site, position within HVc, sex, season, and survival time after HRP injection.
The same results were obtained for each injection. Even if the axon terminals of all types of projection neurons had access to HRP, the somas might not have been labeled. Pathways which apparently did not transport HRP have been reported (e.g., Nauta et al., 1974) ; however, these results have usually been reversed by using more sensitive procedures, such as the present DAB method, to detect HRP. Third, it might be argued that axons of newly formed ceils may not have reached RA or area X in the time allowed. In previous intracellular experiments we have shown that, 30 days after the last and Nottebohm, 1984) . In the present study, birds were killed either 30 or 60 days after the last [3H]thymidine injection, allowing as much or more time for the new neurons to form their afferent and efferent connections. Another argument is based on known rates of axonal elongation. To be incorporated into existing neural circuitry, new cells must migrate from the ventricular zone into HVc (Goldman and Nottebohm, 1983) differentiate into neurons, and extend axons to their normal targets. From previous work we know that thymidine-labeled neurons can be seen in HVc as early as 15 days after the onset of [3H]thymidine treatment (F. Nottebohm, unpublished observation). A conservative estimate of axonal growth in viva would be approximately 10 pm/hr (see Jacobson, 1978, pp. 131-132) . At this rate, axons should extend the 4 mm from HVc to area X in another 16 days, for a total of 31 days from neurogenesis to full axonal elongation. In our experiments, either 44 or 74 days elapsed between the initial thymidine injection and the HRP injections, allowing the new neurons more than enough time to form connections.
There are precedents for the suggestion that neurons born late in development or even in adulthood are interneurons. Altman (1970) noted that in all cases known to him involving late developing structures, such as cerebellum, hippocampus, and olfactory bulb, the newly recruited neurons were microneurons that acted as local interneurons. More recent observations consistent with this pattern have been catalogued by Jacobson (1978, pp. 58-60 (Bonafede, 1984) both suggest that separate sets of projection neurons innervate RA and area X. In our best cases of retrograde labeling, 22% of the cells in HVc projected to RA and 23% of the cells in HVc projected to area X (see italicized numbers in Table I) . Thus, at least 45% of the neurons in HVc are projection neurons. The remaining 55% of the cells in HVc could be interneurons and possibly new neurons, In other words, within the pool of interneurons, not 1.5% but 3% of the cells would be labeled per day of [3H] thymidine treatment, or almost 100% per month. Even this is a conservative estimate, for the new neurons may only represent a subset of all interneurons. to year, Nottebohm (1984) has hypothesized that the new neurons replace other neurons.
The addition of rnterneurons rather than projection neurons should limit the ability of the adult brain to recover from injury. For example, if projectron neurons or their axons were damaged, adding or generatrng new interneurons alone would seem to be of limited usefulness. However, there is now evidence from other laboratories that brain damage can alter the environment and the connections of transplanted cells. Denervating potential targets for new cells increases the density of innervation markedly (Bjorklund and Stenevi, 1979) and neuronotrophic factors have been found at lesion sites (Nieto-Sampedro et al., 1982) . Thus, it seems reasonable to ask whether lesions to HVc or Its output fibers might lead to the generatron of more projection neurons than we have found in the Intact brain. There is some evidence that this mass of new neurons is not Our results also have implications for the development of circuitry simply migrating through HVc. In previous intracellular experiments, in the intact central nervous system. If projection neurons are not new neurons were found which had fully differentiated axonal and normally produced in adulthood, then they must be produced earlier. dendritic processes, received synaptic input, and supported action One might imagine the projection neurons as forming a relatively potentials. Thus, new neurons appear to be incorporated into the permanent scaffolding on which interneurons are later added. In this existing neuronal circuitry. Based on this, and the fact that the scheme, the continuing addition of interneurons to the adult brain number of neurons in HVc does not appear to increase from year could dramatrcally remodel the way in which neuronal activity is 
